We describe a simple yet powerful technique of simultaneously measuring both translational and rotational motion of mesoscopic particles in optical tweezers by measuring the backscattered intensity on a quadrant photodiode (QPD). While the measurement of translational motion by taking the difference of the backscattered intensity incident on adjacent quadrants of a QPD is well-known, we demonstrate that rotational motion can be measured very precisely by taking the difference between the diagonal quadrants. The latter measurement eliminates the translational component entirely, and leads to a detection sensitivity of around 50 mdeg at S/N of 2 for angular motion of a driven micro-rod. The technique is also able to resolve the translational and rotational Brownian motion components of the micro-rod in an unperturbed trap, and can be very useful in measuring translation-rotation coupling of micro-objects induced by hydrodynamic interactions.
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Optical tweezers offer great versatility in the study of mesoscopic systems since they can exert controllable forces and torques on the trapped species. Particles trapped in optical tweezers execute both translational and rotational Brownian motion -however, the latter does not have any measurable signature for symmetric, non-birefringent particles. The rotational Brownian motion is more pronounced for particles having birefringence [1] , or in asymmetric particles due to unbalanced scattering forces, which also may cause spontaneous rotation [2] . Precise detection of the rotational motion is therefore extremely important to determine the associated torque both for measurement as well as for application and control. In addition, hydrodynamic interactions in a viscous fluid induce a coupling between the translational and rotational component of motion of a trapped microobject [3] which can be measured to obtain very useful information about the nature of the interactions. Now, translational motion is routinely detected by using fast cameras or by position sensitive detectors [4] which can quantify the change in the light scattered by a particle as it moves. Rotational motion can be differentiated into motion in a circular trajectory, and spinning about the center of mass of the particle. The former has components in the x and y directions which can be analyzed using cross-correlation techniques [5] to determine the trajectory. On the other hand, spinning is more difficult to detect and, other than a dynamic light scattering based technique for anisotropic particles [6] , is mostly performed using polarization-based techniques presently. These include detecting the change in angular momentum of a circularly polarized trapping beam due to interaction with a rotating birefringent trapped particle [7] , or by detecting the intensity modulation in a polarization orthogonal to the input polarization due to excitation of plasmonic resonances in metal nano-particles [8] . Such techniques have also been extended to observe rotational Brownian motion in birefringent particles [9] , * Corresponding author: ayan@iiserkol.ac.in or in gold nanorods [8] . However, such polarized-based techniques would thus have low sensitivity if the plasmonic or birefringence properties are weak. Also, the above-mentioned techniques usually do not address the simultaneous measurement of the translational and rotational motional components of motion. Such a measurement is indeed reported in Ref. [3] with the use of a cross-correlation based technique, but it again relies on polarization properties of birefringent particles, and would thus not work for non-birefringent species.
Here we report an alternative approach that relies on differential detection of the back-scattered intensity from an asymmetric particle without relying on its birefringence or plasmonic properties. The backscattered intensity is measured on a quadrant photodiode (QPD) to extract both the translational and rotational component of motion simultaneously. While measuring the translation component of motion using QPD is very standard [10] , we demonstrate that the rotational component can also be measured very accurately while almost entirely suppressing the translational one. We perform experiments on a polymer micro-rod, and demonstrate sensitivity of around 50 mdeg in measuring angular motion in a driven optical trap, thus giving unprecedented S/N in detection of rotational motion. We also show that the technique is able to measure both translational and rotational Brownian motion of the micro-rod in a constant optical trap, and could thus have intensive applications in measurements of hydrodynamic interactions manifested in the beating of cilia in bacteria [3, 11] , or the motion of trapped objects in active systems [12] .
The measurement of motion of particles in a QPD relies on changes in the scattered intensity of light from the particle due its motion with respect to a detection beam focused on it. For example, light scattered in the backward direction off a rod shaped particle shows an asymmetric intensity profile as shown in Fig. 1 (a) (rod dimensions 4 × 1 µm, scatter pattern calculated using Lumerical -a commercial FDTD-based software). The rod is aligned along the x axis and placed in a focused laser beam having a waist size of 1 µm. As the particle arXiv:1405.4223v1 [physics.optics] 16 May 2014 exhibits rotation and translation, the scattered pattern is modified likewise ( Fig. 1(a) 1 -3 ). The scatter pattern can be detected using a QPD, which has four quadrants A-D, as shown in Fig. 1 . The translational motion of the rod in the x axis is obtained by the operation
, the common mode of the motion, i.e. the translational motion in this case, gets canceled. For rotational motion of the rod -which results in the rotation of the scatter pattern about the center of the QPD as well -the motion recorded in A-B is anti-correlated to the motion along D-C. Thus the rotational signal gets amplified upon performing S rot , which is nothing but the difference of the sum of the diagonal quadrants. As we show in Fig.1(b) , S trans changes from a positive to negative maxima for translational motion whereas S rot is zero, while S rot shows a cyclical behaviour for rotational motion with S trans being zero in Fig. 1(c) . Also, both S trans and S rot display a linear behaviour for small values of translation and rotation, respectively. Our experimental system is shown in Fig. 2 . It is based on a standard optical tweezers built around a Carl Zeiss Axiovert.A1 inverted microscope with the trapping lasers at 1064 nm, and detection laser at 670 nm. A small volume (around 30 µl) of an aqueous dispersion of polymer micro-rods of size varying from 3 × 0.5 to 6 × 1.5 µm was taken in a sample chamber made out of a cover slip stuck by double-sided tape to a microscope glass slide. In the experiment, a polymer micro-rod was held at two points by two trapping beams focused using an objective lens of numerical aperture (NA) 1.4. One of the beams was taken from the first order of an acousto-optic modulator (AOM) and was moved orthogonal to the axis of the rod, while the other beam was kept fixed, thereby acting as a pivot. This configuration gave the rod a small rotational motion. Figure 3(a) shows a series of 3 images of such rotational motion of a trapped rod of dimension 4 × 1 µm as the beam from the AOM was moved. The rotation amplitude was around 5 degrees, which we calibrate from a frame by frame analysis of the rod motion, using a 1 µm polystyrene bead as reference. The detection laser beam was overlapped with the pivot beam and the change in scatter profile due to the motion of the particle was imaged on a QPD. The QPD we use has been extracted from a CD player head (chip Sony KSS-213C) (see Ref. [13] for details) and gives independent voltage outputs for each of the 4 quadrants. The QPD signals are recorded using a National Instruments PCIe-6361 data card, and the data was averaged for 5s at a sampling rate of 40 kHz. The first order beam from the AOM was moved periodically by modulating the voltage controlled oscillator (VCO) voltage and both S trans and S rot were measured simultaneously. A typical trace of S rot for sinusoidal modulation is shown in Fig. 3(b) . The quantitative differences in S trans and S rot are understood by determining the power spectra of the signals as we show in Fig. 3(c) , in which case a square wave of frequency 2 Hz was used to modulate the VCO. We find that the noise floor drops down by about one order of magnitude in S rot (blue curve), while peaks appear at the rotation frequency of 2 Hz, as well as higher odd harmonics since we modulate with a square wave, which demonstrates the sensitivity of this technique. The S/N of the fundamental rotation peak was estimated by taking the ratio of height of the peak in the power spectrum and the average of the noise floor in the vicinity of the peak, and was calculated to be around 200. Since this corresponded to a rotation amplitude of 5 degrees, the detection sensitivity for this micro-rod could be quantified to 50 mdeg at a S/N of 2. When the AOM frequency is moved as a square wave, the equilibrium orientation shifts suddenly and the rod follows. The dynamics is given by the following equation
Here, the D r is the rotational drag coefficient, k the trap stiffness and η(t) the delta correlated noise term that generates random motion in the angular coordinate, and C is a constant. This is satisfied by a decaying exponential from one equilibrium position to another. Thus, as the rod gets closer to the equilibrium orientation, its velocity becomes slower. The time constant of this process is −D r k 1 and is inversely proportional to the intensity of the laser at the trapping spot. Figure 3(d) shows the exponential decay of the angular orientation of the rod given by S rot as the equilibrium point is shifted suddenly. We fit to a function y = y 0 + A exp (x − x 0 )/τ , where we ignore the effects of the stochastic noise term of the Langevin equation since each trace is the average of 20 individual datasets collected for 5s so that the effects of the random fluctuations are reduced considerably. Even otherwise, the fluctuations would merely have introduced a noise band around the exponential without changing its nature. We find that there are two different time constants in the signal while going from one equilibrium position to the other. This results from the difference in the values of the trapping power at the extreme ends of the moving beam due to the reduced efficiency of the first order of the AOM as the VCO voltage is modified. Thus, the trapping power at the start position of the rod is 15 mW, which falls to 8 mW at the end position. Now, since the time constant depends inversely upon the angular trap stiffness, τ for the decaying exponential is 0.03 ± 0.01 s, while that for the rising one is 0.016 ± 0.01 s, which agrees well with the ratio of trapping stiffnesses at the two ends, and gives a good consistency check to our measurement technique. Using the value of the drag coefficient for a cylindrical rod of the dimensions shown in Fig. 3(a) , we find that the angular trap stiffness is 10 nN nm/rad. Note that any misalignment of the detection beam with the pivot point, or any translation of the pivot point itself, leads to coupling of rotational motion with the translational one, which implies that there would be a greater response obtained at the modulation frequency in the power spectrum of the S trans signal. The power spectrum of S trans thus yields a double Lorentzian that can be understood as the solution to a set of coupled Langevin equations, one for translational and the other for rotational Brownian motion. A typical set of equations are given as follows
where, k 1 and k 3 are the translational and rotational trap stiffnesses and, k 2 and k 4 are the cross-coupling coefficients. The D t and D r are the corresponding diffusion coefficients. Solving this set of coupled differential equations yields the time series for the translational and rotational positions of the particle. Since the rotational and translational processes appear in the system together with a weak coupling between them, they give rise to independent Lorentzian responses simultaneously which leads to a double Lorentzian in the power spectra, similar to that described in Refs. [14, 15] (data not shown). Figure 4 (a) shows such a double Lorentzian obtained experimentally giving a rotational corner frequency f c rot of 1.5±0.01 Hz and a translational corner frequency f c trans of 15 ± 1.2 Hz. To verify the efficacy of our technique, we compare these values to the corner frequencies obtained by fitting to the power spectra for the individual components separately. For the rotational component, we fit to the power spectrum of S rot (Fig. 4(b) ), which shows an order of magnitude reduction in amplitude compared to S trans similar to Fig. 3(c) . The corner frequency obtained is 1.4 ± 0.1 Hz, which is in very close agreement to that from Fig. 4(a) . It is also clear that the translational component is almost entirely eliminated in this measurement, which proves its usefulness in measuring rotational motion. For measuring f c trans separately, we revert back to the power spectrum of S trans , but start the fitting from 5 Hz so as not to pick up the rotational component at all. The value of f c trans we thus obtain is 14.8 ± 0.2 Hz, which once again agrees with the value obtained from the double Lorentzian fit. The fit amplitudes A trans (which give the values for the diffusion constants after normalizing with the QPD sensitivity [10] ) also agree well for the translational power spectra for double and single Lorentzian fits. However, for the rotational case, the A rot values from the double lorentizan and that from power spectrum of S rot are very different since the QPD sensitivities for the signal modes vary substantially. In addition, we also measure f c rot as a function of laser power, which yields a straight line as is shown in Fig. 4(d) . This is quite expected since just as the translational Brownian motion corner frequency increases linearly with intensity, the same can be expected for the rotational component [9] . In conclusion, we have demonstrated simultaneous measurement of translational and rotational motion of an asymmetric particle (a polymer micro-rod) in optical tweezers by the use of a single quadrant photo diode without any change in experimental configuration. The voltage output of all four quadrants is available to us, and we take the difference of the sum of the adjacent quadrants for the translational motion, and that of the diagonal quadrants for the rotational motion. The latter is demonstrated for the first time, and is remarkably sensitive in picking up rotational motion while eliminating the translational component. We demonstrate a sensitivity of around 50 mdeg for rotational motion of the micro-rod. Note that the sensitivity could be higher with particles having higher refractive index contrast with respect to the fluidic environment of the trap that would lead to enhanced scattering. While high sensitive detection of translational motion of trapped particles using a QPD has already been demonstrated [16] , our design could facilitate the measurement of rotational motion with the same levels of sensitivity without relying on polarization properties of the scattering particle. Such simultaneous detection of rotational and translational motion could be of use in the measurement of hydrodynamic interactions where cross-correlation studies could lead to greater understanding of the complex motion of cilia and flagella.
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